Color digital holography utilizing the Doppler effect is proposed. The time variation of holograms produced by superposing images at three wavelengths is recorded using a high-speed monochromatic imaging sensor. The complex amplitude at each wavelength can be extracted from frequency information contained in the Fourier transforms of the recorded holograms. An image of the object is reconstructed by the angular spectrum method. Reconstructed monochromatic images at the three wavelengths are combined to produce a color image for display.
Digital holography involves digitally recording holograms and reconstructing three-dimensional (3D) images of objects by performing numerical calculations on a computer [1, 2] . Color digital holography has recently been developed to perform 3D color imaging of color objects [3] [4] [5] . This technique has been applied to microscopy [6] , fluid investigations [7, 8] , and mechanical deformation measurements [5] . When a monochromatic imaging sensor is used for color digital holography, holograms are recorded by switching the laser beam. Because this technique utilizes all the pixels in the sensor area for each wavelength, it has a higher spatial resolution than a method using a color imaging sensor. A phase-shifting technique can perform digital holography with a larger image field and a higher spatial resolution than an off-axis setup [3] . Although an image can be reconstructed with a high spatial resolution using a monochromatic imaging sensor and the phase-shifting technique, it is difficult to simultaneously measure an object at multiple wavelengths, and reconstructed images are very sensitive to environmental vibrations. Our group has proposed Doppler phase-shifting digital holography, which can perform high-quality measurements of an object even when there are environmental vibrations, and simultaneous recording in two wavelengths [9, 10] .
This Letter proposes a novel color digital holography technique that employs a monochromatic imaging sensor and the Doppler phase-shifting method. The complex amplitudes at three wavelengths are individually extracted from superposition holograms in the three wavelengths, and then they are combined to produce a color image for display. Because this method can utilize all the pixels in the sensor area for each wavelength, the spatial resolution dose not decreases. Color representation is improved in the three-wavelength method compared to the two-wavelength method. For object measurements, there are the advantages of increasing measurement dynamic range and unwrapping the phase with low noise [11] . Figure 1 shows the optical setup for color digital holography with a monochromatic imaging sensor and three light sources with different wavelengths (e.g., red, green, and blue). Beams from the three light sources are split into object and reference beams by a beam splitter (BS3), and they are used to illuminate the object and reference mirrors, respectively. The reflected object beams are recombined with the reflected reference beams at the three wavelengths and a hologram is formed at each wavelength. The superposition intensity Ix; y; t of the holograms is detected by the imaging sensor, which is expressed by Ix; y; t
where U O;n and U R;n are the complex amplitudes of the object and reference beams, respectively, on each wavelength in the imaging plane of the imaging device and n is the wavelength number. When the reference mirror moves along the optical axis, the angular frequencies are modulated due to the Doppler effect between the object and reference beams. Because the reference mirror in the setup shown in Fig. 1 moves much slower than the velocity of light, the beat frequency Δω n generated by the Doppler effect can be expressed by Δω n 4πv R ∕ λ n , where λ n and v R are the wavelength and the velocity of the reference mirror, respectively. The Fourier transform G of Eq. (1) is expressed by Gx; y; ω X 3 n1 n a n x; yδω b n x; y × exp−iΔϕ n x; yδω − Δω n b n x; y × expiΔϕ n x; yδω Δω n o ;
This equation includes the complex amplitudes at the wavelengths used. Thus, the complex amplitude U O;n at each wavelength can be extracted by taking the inverse Fourier transform F −1 with respect to the beat frequency Δω n , which is represented by U O;n F −1 GΔω n . The wavefront of the object beam on the target at each wavelength can be obtained by the angular spectrum method [12] of diffraction calculations as
where F is the Fourier transform, k z;n is the wave number in the z direction, and d is the diffraction length. A color image can be obtained by combining the reconstructed images at all wavelengths. An experiment was performed using the optical setup shown in Fig. 1 . A monochromatic high-speed CMOS camera was used as the imaging device. It had an image size of 1016 × 1016 pixels and a pixel size of 13.7 μm × 13.7 μm. Three lasers with wavelengths of 633 (red), 532 (green), and 407 nm (blue) were used as light sources. The three laser beams were coupled by beam splitters BS1 and BS2. The intensities of the reference beams on the three wavelengths were adjusted to be constant before the experiment is implemented. A reference mirror was attached to a piezostage that could move in the optical axis direction. The piezostage was moved with a constant velocity to modulate the frequencies of the reference wavefronts of the three wavelengths. The camera had a frame rate of 500 fps. A Japanese fiveyen coin was used as the object (see Fig. 2 ). The coin was 22 mm in diameter and was made from a copperzinc alloy. The distance between the object and the camera was z 740 mm. Holograms produced by superimposing images obtained in the three wavelengths are sequentially recorded by moving the reference mirror. Figure 3 shows the time variation of the intensity at a central pixel in the hologram. Beating is caused by frequency modulation due to the Doppler effect generated by the relative movement between the object and the reference mirror. Figure 4 shows the beat frequency spectrum obtained by taking the discrete Fourier transform of 512 frames of the hologram. To separate the beat frequency spectrum of each wavelength, the recorded number of holograms should satisfy the condition N > Fλ n1 λ n ∕ v R λ n1 − λ n , where N and F are the recorded number of holograms and the frame rate of the imaging device, respectively. In this setting, the condition is satisfied enough. The spectrum shown in Fig. 4 contains three peaks. The beat frequencies at the three wavelengths are determined from the peak frequencies, which are 46.9, 55.7, and 73.2 Hz for red, green, and blue, respectively. If there are environmental vibrations, the spectrum bandwidth of the beat frequency is stretched so that the beta frequency cannot be separated. However, this problem can be solved by acquiring more holograms. The complex amplitudes of the object in the image plane of the camera are individually extracted from the inverse Fourier transform that has beat frequencies corresponding to the three wavelengths. The object image is reconstructed by the angular spectrum method. To obtain an image of the full area of the object, we added pixels with zero amplitude to the 2048 × 2048 pixels in the Fourier transform of Eq. (3). Fig. 4 . Fourier spectrum obtained from 512 hologram images with frequency modulation. The beat frequency at each wavelength is determined from the peak intensity; the beat frequencies are 46.9, 55.7, and 73.2 Hz for red, green, and blue, respectively. The complex amplitude of the object can be extracted from the inverse Fourier transform at each beat frequency.
Figures 5(a), 5(b), and 5(c), respectively, show reconstructed monochromatic images for red, green, and blue obtained at a distance of z 740 mm. To avoid the aliasing noise of the reconstruction image, the reconstruction distance should satisfy the sampling theorem jzj ≥ p x D x p x M x ∕ λ n , where D x , p x and M x are the object size, the pixel size and the pixel number of the imaging sensor, respectively. Because the lasers have low output powers, the reconstruction distance could not be satisfied. On the left side of Fig. 5(c) , we can observe the aliasing noise. The intensities of images reconstructed are equally weighted. The weight of each intensity can be controlled in the computer in order to produce the color image to be close the real object. Figures 5(d) and 5(e) show color images obtained by combining the three monochromatic images, which are defocused and focused at distances of z 710 and 740 mm, respectively. The defocused image is blurred. It is possible to image 3D color objects using this technique. In this method, the beat frequency is an important parameter to influence the measurement accuracy of the complex amplitude. Although we cannot ensure that the beat frequency is estimated accurately enough, the estimation of the beat frequency is enough to display the color image of the color object if it is possible to separate the beat frequency spectrums. In this method, to obtain the color image, we have to use the Fourier algorithm four times. Although it might be assumed that the computation load is huge, this problem can be solved using a numerical computing technique such as generalpurpose computing on graphics processing units.
In summary, we have demonstrated that complex amplitudes at three wavelengths can be extracted separately from the beat frequency spectrum of holograms by superimposing images obtained with a single monochromatic imaging sensor. A color object is obtained by combining three monochromatic images at three wavelengths, which are reconstructed using the complex amplitudes. This technique will be useful for quantitatively measuring the shape or deformation of a 3D object because essential information can be independently obtained. Furthermore, we believe that it can be applied to spectroscopic imaging. 
